The rotten-egg odour of hydrogen sulfide (H 2 S) produced by the yeast Saccharomyces cerevisiae has attracted considerable research interest due to its huge impact on the sensory quality of fermented foods and beverages. To date, the yeast genetic mechanisms of H 2 S liberation during wine fermentation are well understood and yeast strains producing low levels of H 2 S have been developed. Studies have also revealed that H 2 S is not just a by-product in the biosynthesis of the sulfur-containing amino acids, but indeed a vital molecule involved in detoxification, population signalling and extending cellular life span. Moreover, polysulfides have recently emerged as key players in signalling and the sensory quality of wine because their degradation leads to the release of H 2 S. This review will focus on the recent findings on the production of H 2 S and polysulfides in S. cerevisiae and summarise their potential roles in yeast survival and winemaking. Recent advances in techniques for the detection of H 2 S and polysulfides offer an exciting opportunity to uncover the novel genes and pathways involved in their formation from different sulfur sources. This knowledge will not only provide further insights into yeast sulfur metabolism, but could potentially improve the sensory quality of wine.
INTRODUCTION
The rotten-egg odour of hydrogen sulfide (H 2 S) produced by yeast during fermentation is well known for its ability to significantly reduce the sensory quality of wine (Swiegers and Pretorius 2007; . Extensive research over the past decade has led to the identification of several yeast genes responsible for H 2 S production in wine, which have now been used to breed commercial low H 2 S-producing yeast strains (Cordente et al. 2009; Linderholm et al. 2010; Huang, Roncoroni and Gardner 2014; Noble, Sanchez and Blondin 2015) .
Hydrogen sulfide is now recognised as not merely an intermediate of the biosynthesis of the sulfur-containing amino acids, but it has important functions in detoxification, population signalling and extending life span in yeast (Gadd and Griffiths 1977; Sohn, Murray and Kuriyama 2000; . In addition, polysulfides have recently been recognised as potential mediators of signalling in mammalian cells because their degradation results in the release of H 2 S (Ida et al. 2014; Kimura 2015; Olson and Straub 2016) . The effects of polysulfides on the sensory quality of wine have also attracted a lot of attention Thomas and Surdin-Kerjan 1997; Hogan, Auchtung and Hausinger 1999; Hall, Brachat and Dietrich 2005; Singh et al. 2009; Ugliano and Henschke 2009; Sato et al. 2011; Yoshida et al. 2011; Harsch and Gardner 2013; Hopwood, Ahmed and Aitken 2014; Santiago and Gardner 2015; Huang et al. 2016; Holt et al. 2017; Kinzurik et al. 2017). lately (Kreitman et al. 2017) and hydropolysulfides such as H 2 S 2 and H 2 S 3 have been shown to contribute to the flint and mineral odour in wine (Starkenmann et al. 2016) .
There have been numerous recent excellent reviews about the formation of H 2 S and polysulfides, and their potential roles in mammals (Filipovic 2015; Kimura 2015; Olson and Straub 2016; Cuevasanta, Möller and Alvarez 2017) , plants (Quirós-Sauceda et al. 2016) and microbes (Findlay 2016) . However, there are few related reviews specifically for the model organism, Saccharomyces cerevisiae, which may reflect the fact that this aspect of sulfur metabolism in S. cerevisiae is still relatively unexplored. The goal of this review is to summarise recent work related to the production of H 2 S and polysulfides in S. cerevisiae, to bring to the attention of researchers this emerging aspect of S. cerevisiae sulfur metabolism.
H 2 S PRODUCTION FROM THE SAP DURING WINE FERMENTATION
The majority of H 2 S produced by yeast during wine fermentation is from the sulfate assimilation pathway (SAP), where sulfate is taken up and progressively reduced to sulfide (using 2 ATPs and 4 NADPHs), the precursor of the sulfur-containing amino acids cysteine and methionine, which are required for yeast growth ( Fig. 1) (Thomas and Surdin-Kerjan 1997) . Grape juice usually contains plenty of sulfate (∼160 to 700 mg L −1 ) but very low concentrations of cysteine and methionine (<20 mg L −1 ), and therefore the SAP is triggered during fermentation to support yeast growth (Rauhut 2009; Ugliano and Henschke 2009 ). The mechanisms by which H 2 S is released from the SAP are well studied and reviewed (refer to Henschke and Jiranek 1993; Thomas and Surdin-Kerjan 1997; Swiegers and Pretorius 2007; Rauhut 2009; Ugliano and Henschke 2009 ). In short, sulfur assimilation starts with extracellular sulfate entering yeast cells through the sulfate transporters, Sul1p and Sul2p (Cherest et al. 1997) , where sulfate is first activated by the ATP sulphurylase (Met3p) to 5 -adenylylsulfate (APS), which is then phosphorylated to 3 -phospho-5 -adenylylsulfate (PAPS) by the APS kinase (Met14p). In the next step, PAPS is reduced by the PAPS reductase (Met16p) to sulfite, which is further reduced by sulfite reductase (Met5p/Met10p) to sulfide. The sulfide produced is subsequently integrated into the nitrogenous precursor, O-acetyl homoserine (OAH), to form homocysteine with the help of O-acetylhomoserine sulfhydrylase (Met17p). Finally, homocysteine is converted into cysteine, methionine and glutathione ( Fig. 1) (Thomas and Surdin-Kerjan 1997) . The liberation of excessive H 2 S during fermentation usually occurs as a result of insufficient assimilable nitrogen (OAH) in grape juice to combine with the sulfide generated (Jiranek, Langridge and Henschke 1995) .
SULFATE TRANSPORT
Sulfate uptake is the first step of the SAP; however, the sulfatesensing mechanisms in yeast remain poorly understood. Recent work has revealed that the yeast sulfate transporters, Sul1p and Sul2p, can also function as independent extracellular sulfate receptors (Transceptor: transport and receptor) (Kankipati et al. 2015) . The authors observed that addition of the sulfate analogue, D-glucosamine 2-sulfate, whilst not transported into the cell, triggered the activation of Sul1, Sul2-dependent PKA signalling pathway, measurable as increased trehalase activity. Furthermore, the PKA signalling pathway was activated in the two yeast mutants, Sul1
E427Q and Sul2 E443Q , incapable of uptaking exogenous sulfate added to the medium (Kankipati et al. 2015) .
The yeast Sul1p and Sul2p are the major sulfate transporters, but their deletion does not completely block yeast growth on high concentrations of sulfate as the sole sulfur source (∼30 mM), indicating the existence of unknown sulfate transporters (Cherest et al. 1997; Kankipati et al. 2015) . Recently, a third sulfate transporter, Soa1p (sulfonate transport; low affinity for sulfate and broad substrate specificity), was identified (Holt et al. 2017) . The authors demonstrated that deletion of all three genes (SUL1, SUL2 and SOA1) resulted in an inability to grow on high concentrations of sulfate as the sole sulfur source, alluding to no other sulfate transporters. Jennings and Cui (2012) proposed that Sul2p may also act in the efflux of sulfate, based on the observed transient efflux of sulfate mediated by Sul2p in an S-starved met3 deletant when sulfate was added. The authors suggested that this mechanism could potentially protect yeast from an excessive sulfate influx (Jennings and Cui 2012) . The inability of met3, met14 and met16 to take up sulfate gives credence to the speculation that the sulfate transporters, Sul1p and Sul2p, may form complexes with the proteins downstream of the SAP (Met3p, Met14p and Met16p) and participate in the process of activation of sulfate (Breton and Surdin-Kerjan 1977; Thomas and Surdin-Kerjan 1997) . However, there is currently insufficient evidence to support this hypothesis.
SKP2, MET2 AND GLO1 AFFECTING H 2 S PRODUCTION FROM THE SAP
SKP2 encodes an F box protein, which is predicted to be part of an SCF (Skp1p-Cullin-F-box) ubiquitin protease complex involved in biosynthesis of sulfur amino acids required for growth and H 2 S and SO 2 production (Yoshida et al. 2011) . The authors observed that the skp2 deletant produced more H 2 S and SO 2 than the wild type. As Skp2p is involved in the degradation of Met14p (APS kinase), the increase in H 2 S and SO 2 production in the skp2 deletant is likely due to a more stable Met14p, allowing extended sulfate assimilation and therefore increased H 2 S and SO 2 levels.
Recently, two SKP2 allele variants, SKP2 I350V and SKP2 T357I , resulting in low H 2 S and SO 2 production were identified by Noble, Sanchez and Blondin (2015) using a quantitative trait locus mapping strategy. It is thought that these mutational changes in Skp2p may increase its efficiency of targeting and degradation of Met14p, resulting in less sulfate through the SAP and so, reduced H 2 S and SO 2 .
The yeast MET2 encodes homoserine O-acetyl transferase (HTA), which catalyses the conversion of homoserine to O-acetyl homoserine. OAH is subsequently incorporated into H 2 S to yield homocysteine (Baroni et al. 1986) (Fig. 1) . Genetic variation in MET2 can lead to differences in H 2 S production. The met2 has been shown to produce more H 2 S during beer production (Hansen and Kielland-Brandt 1996) . Recently, the R 301 G mutation in MET2 was identified to be responsible for low H 2 S production (Noble, Sanchez and Blondin 2015) , in agreement with our findings (Huang, Roncoroni and Gardner 2014) . It has been proposed that the R 301 G mutation in MET2 may increase the activity of HTA, hence the efficiency of converting homoserine into OAH. Because of the ample supply of OAH to combine with sulfide, less sulfide will be released into wine as H 2 S (Huang, Roncoroni and Gardner 2014; Noble, Sanchez and Blondin 2015) .
The recently identified SKP2 and MET2 allele variants (Huang, Roncoroni and Gardner 2014; Noble, Sanchez and Blondin 2015) , together with the MET5 and MET10 allele variants, identified earlier by Cordente et al. (2009) and Linderholm et al. (2010) , have now been successfully employed to breed low H 2 S-producing strains for winemaking.
The yeast GLO1 encodes glyoxalase I, which is essential for the detoxification of methylglyoxal, a toxic metabolite of glycolysis (Inoue and Kimura 1996) . Recently, GLO1 has been added to the growing list of genes affecting H 2 S production from the SAP. Kinzurik et al. (2017) showed that the glo1 deletant grew more slowly than the wild type on sulfate as the sole sulfur source, produced more H 2 S only when sulfate was added and decreased the expression level of Met17p. The authors therefore suggested that Glo1p is critical for a fully functional Met17p (O-acetylhomoserine sulfhydrylase). This finding is exciting in the sense that a gene not previously linked to the SAP could affect H 2 S production from this pathway, illustrating the complexity of the SAP and the possibility of the existence of other unknown genes affecting the SAP (Kinzurik et al. 2017 ).
H 2 S PRODUCTION FROM ELEMENTAL SULFUR
Elemental sulfur is frequently sprayed in the vineyard to fight grapevine powdery mildew, and the residual sulfur on grape has been observed to contribute to the formation of H 2 S during fermentation (Thomas et al. 1993; Araujo et al. 2017) . Although it has been suggested that elemental sulfur may be spontaneously converted to sulfide under the anaerobic and low pH fermentation conditions (Linderholm et al. 2008) , Araujo et al. (2017) showed that no H 2 S could be detected when elemental sulfur was added to grape juice model solutions (sparged with nitrogen). These findings indicate that yeast is likely to be responsible for most of the H 2 S production from elemental sulfur during fermentation. Sato et al. (2011) observed that a yeast with deletion of GLR1 (glutathione reductase) produced less H 2 S than wild type on sulfur (e.g. colloidal elemental sulfur and powdery elemental sulfur). Moreover, Sato et al. (2011) proposed that insoluble elemental sulfur is most likely converted into more soluble polysulfides first, which could then enter into yeast cells, where they are reduced by the glutathione reductase to sulfide.
H 2 S PRODUCTION FROM GLUTATHIONE AND CYSTEINE
The tripeptide, glutathione (L-γ -glutamyl-L-cysteinyl-glycine), is naturally present in grape juice (∼1.3 to 102 mg L −1 ) and can also be synthesised by yeast through the SAP (Rauhut 2009 ).
Recently, glutathione has been permitted as an additive (up to 20 mg L −1 ) to grape juice to protect aromatic compounds from oxidation according to the 2015 OIV resolutions (Wegmann-Herr et al. 2016) . The addition of glutathione to grape juice has been observed to increase H 2 S production (Rauhut 2009; Winter et al. 2011; Wegmann-Herr et al. 2016 ). The mechanism is not yet fully understood but it is generally assumed that glutathione is first hydrolysed to cysteine, which is then degraded by cysteine desulfhydrase to release H 2 S under nitrogen-limited conditions (Rauhut 2009 ). Adding cysteine to grape juice has long been observed to induce H 2 S production (Jiranek, Langridge and Henschke 1995; Winter and Curtin 2012) , and today several yeast genes affecting the formation of H 2 S from cysteine have been identified. Both yeast Cys4p (cystathionine β-synthase, CBS) and Csy3p (cystathionine γ -lyase, CSE) have been reported to cleave cysteine and release H 2 S in vitro (Singh et al. 2009; Hopwood, Ahmed and Aitken 2014) . However, other in vivo studies suggested that deletion of yeast CYS4 or CSY3 did not reduce the production of H 2 S (Linderholm et al. 2008; Winter, Cordente and Curtin 2014; Huang et al. 2016) . Santiago and Gardner (2015) demonstrated that the fulllength IRC7 gene encoding cysteine desulfhydrase was responsible for cleaving cysteine to release H 2 S. However, in many yeast strains Irc7p has no functional cysteine desulfhydrase activity, as the strains carry a 38-bp deleted, non-functional version of ß-lyase IRC7 (Roncoroni et al. 2011) .
The importance of the vacuole-related genes in H 2 S production from cysteine was revealed by Winter, Cordente and Curtin (2014) , who showed that deletants of such genes produced less H 2 S from cysteine compared to the wild type. It has been suggested that the yeast vacuole could have a vital function in the cysteine detoxification process, which involves degrading cysteine to H 2 S (Winter, Cordente and Curtin 2014) .
Deletion of yeast TUM1 gene has recently been shown to reduce H 2 S production from cysteine during fermentation, and it is suspected that yeast Tum1p may act like its human orthologue, sulfurtransferase, an enzyme involved in the production of H 2 S from cysteine (Huang et al. 2016 ).
OTHER SULFUR SOURCES
Thiosulfate can be cleaved to sulfite and sulfide by thiosulfate reductase and utilised as a sulfur source by yeast. However, the yeast gene encoding thiosulfate reductase remains unknown (Chauncey and Westley 1983; Thomas et al. 1992) . Funahashi et al. (2015) showed that yeast grew better and produced ethanol more efficiently on thiosulfate than sulfate because less energy was required for yeast to assimilate sulfite (cleaved from thiosulfate) than sulfate.
The alternative sulfur sources such as sulfonates and sulfate esters that are generally abundant in soil can also be utilised by S. cerevisiae (Linder 2012) . Hogan, Auchtung and Hausinger (1999) demonstrated that yeast JLP1 encodes a sulfonate dioxygenase, which is required for yeast to utilise sulfonates (e.g. isethionate and taurocholate) as a sulfur source by degrading sulfonates to sulfite. A strain with deletion of JLP1 was shown to grow more slowly than wild type on sulfonates (Hogan, Auchtung and Hausinger 1999) . The yeast BDS1 encodes a sulfatase, which is essential for yeast to release the sulfate from the sulfate esters (e.g. sodium dodecyl sulfate), and whose deletion reduced the ability of yeast to use sulfate esters as a sulfur source (Hall, Brachat and Dietrich 2005) .
There has been some doubt as to whether the alternative sulfur sources play an important part in S. cerevisiae sulfur utilisation as this yeast generally does not grow well on the alternative sulfur sources compared to other ascomycetes (Linder 2012) . To date, only two yeast genes, JLP1 and BDS1, have been associated with the utilisation of these alternative sulfur sources (Linder 2012) . Recently, yeast Soa1p was found to be capable of transporting a range of sulfur compounds including sulfate, sulfite, thiosulfate, sulfonate and choline sulfate (Holt et al. 2017) . The identification of the sulfonate and choline sulfate transporter, Soa1p, in yeast highlights that sulfonates or sulfate esters could be important sulfur sources, at least for S. cerevisiae living in soil. Further studies to investigate other yeast genes involved in utilisation of these sulfur sources are clearly worthwhile.
H 2 S AND HEAVY METAL DETOXIFICATION
H 2 S has been shown to play a critical role in detoxification of heavy metals and yeast strains that produce more H 2 S were observed to be more resistant to copper (Kikuchi 1965 ) and methylmercury (Ono et al. 1991 ). The detoxification effect of H 2 S is likely through the formation and precipitation of insoluble metal sulfides (e.g. copper sulfide) (Gadd and Griffiths 1977) . Interestingly, genes (e.g. vacuole-related genes) that were recently identified to affect H 2 S production from cysteine (Winter, Cordente and Curtin 2014) were similar to those previously reported to be essential for metal (e.g. cadmium, nickel) detoxification (Ruotolo, Marchini and Ottonello 2008; Arita et al. 2009 ), highlighting the central role of H 2 S in detoxification.
H 2 S AND POPULATION SYNCHRONY
Hydrogen sulfide's role in cell signalling was first demonstrated by Sohn, Murray and Kuriyama (2000) , who established that the gas was responsible for the synchronisation of the yeast population, when grown in aerobic continuous culture. Periodic changes in H 2 S production (an inhibitor of respiration) were connected to an ultradian oscillation in respiration, with H 2 S being highest when respiration decreased, before declining with the onset of respiration (Sohn, Murray and Kuriyama 2000) . The H 2 S produced during these oscillations was shown to be generated from sulfate or sulfite by sulfite reductase through the SAP and not from cysteine or glutathione in the media (Sohn and Kuriyama 2001a) . It has been suggested that the cyclic changes in H 2 S production (a strong reducing agent) are a protection mechanism against oxidative stress and are triggered by the periodic depletion of glutathione and cysteine used by yeast to detoxify toxic respiration metabolites (e.g. reactive oxygen species) (Sohn and Kuriyama 2001b; Kwak et al. 2003) . The importance of glutathione homeostasis for H 2 S production and respiratory oscillation was also highlighted by Sohn et al. (2005) , who observed that deletion of GLR1, encoding glutathione reductase (responsible for the reduction of oxidised glutathione), led to the yeast no longer being able to produce H 2 S and undergo respiratory oscillation.
DOES H 2 S GIVE SACCHAROMYCES A COMPETITIVE ADVANTAGE?
The ethanol and heat produced by S. cerevisiae during wine fermentation have been reported to give S. cerevisiae a significant advantage to dominate over other competing non-Saccharomyces species (Goddard 2008; Salvadó et al. 2011) . Given that H 2 S is also produced during fermentation and its important role in synchronising yeast populations, it has been suggested by Linderholm et al. (2010) that H 2 S produced by S. cerevisiae may inhibit respiration and oxidative metabolism of their microbial competitors, allowing S. cerevisiae to dominant in wine fermentation. Therefore, it seems reasonable that yeast capable of efficiently producing H 2 S may confer a selective advantage under certain conditions and this may explain the difference in H 2 S production across commercial and natural wine strains (Spiropoulos et al. 2000; Linderholm et al. 2008) . However, whether H 2 S plays a role in modifying the environment (niche construction), killing other competitors and contributing to competitive advantage of S. cerevisiae remains to be elucidated.
ROLE OF H 2 S AND OTHER VOLATILES IN YEAST-INSECT INTERACTIONS
How yeasts survive in the wild between vintages and are transferred between the vineyard and winery is still not clearly understood. Recent studies have shown that yeast can reside in the gut of social wasps (Polistes dominula), alluding to the role of insects as a means of survival between vintages . Furthermore, the authors' ability to isolate new intraspecific (S. cerevisiae x S. cerevisiae) and interspecific (S. cerevisiae x S. paradoxis) hybrids from the wasp's gut is particularly exciting in relation to the maintenance of genetic diversity within a wild yeast population. From the many studies in yeast-insect ecology, insects are now regarded as one of the main vectors for yeast dispersal. These include bees (Goddard et al. 2010) , Drosophila (Chandler, Eisen and Kopp 2012) and social wasps (Stefanini et al. 2012) .
Another question remains as to how insects are attracted to yeast, as this relationship is clearly beneficial to both organisms: the yeast as a food source and for insects who in turn provide an efficient dispersal mechanism. Certain volatiles produced by yeast during fermentation act as attractants for insects, for example, acetate esters and acetic acid (Becher et al. 2012; Palanca et al. 2013; Buser et al. 2014; Günther et al. 2015; Dapporto et al. 2016) . Moreover, Christiaens, Franco and Cools (2014) showed that a yeast strain with deletion of ATF1 (encoding alcohol acetyl transferase that is responsible for acetate ester production) was less attractive to Drosophila, hence reducing its dispersal via this vector.
H 2 S, well known for its repulsive rotten-egg smell, has also been implicated in yeast-insect interactions (Sundstrom et al. 2016) . The preliminary results suggest that Drosophila fruit flies were slightly less attracted to a medium supplemented with H 2 S (12.5 μM sodium sulfide); however, Drosophila were also seen to lay more eggs on yeast colonies supplemented with H 2 S (Sundstrom et al. 2016). Interestingly, H 2 S has been demonstrated to react with (E)-2-hexenal in grape juice to form the fruity varietal thiols 3-mercapto-hexanol and 3-mercaptohexylacetate . However, only tiny amounts of thiols (<1%) are produced through this pathway as (E)-2-hexenal is rapidly metabolised by yeast during fermentation (Schneider et al. 2006; Subileau et al. 2008; . Nevertheless, whether H 2 S exerts a repulsive or attractive effect on the insect carriers and thus affects the dispersal and survival of S. cerevisiae remains to be investigated.
H 2 S AND YEAST LIFE SPAN
Yeast produced more H 2 S on 0.5% glucose than on 2% glucose and this may explain why glucose restriction can extend yeast lifespan . Life span was also extended following supplementation with external H 2 S (5 μM NaHS). The H 2 S produced by yeast during glucose restriction was shown to come from cysteine or methionine and not from sulfate (SAP). This is based on the observation that MET gene deletants ( met5, met14 and met16) that block sulfate assimilation (see Fig. 1 for pathway) were still capable of producing H 2 S and had extended longevity on 0.5% glucose, whilst removal of cysteine or methionine from the media resulted in decreased H 2 S production in a met14 deletant.
In addition, methionine restriction has been reported to increase yeast lifespan, and interestingly, that yeast deletants met2 and met17, known to be high H 2 S producers, were observed to have a longer lifespan than wild type (Johnson and Johnson 2014; Ruckenstuhl et al. 2014; Hine and Mitchell 2015) . Autophagy-mediated vacuolar acidification has been proposed to play a vital role in yeast longevity as deletion of genes involved in autophagy ( atg5, atg7 and atg8) led to shortened chronological lifespan (Ruckenstuhl et al. 2014) . Interestingly, these observations coincide with the recent findings that both met2 and met17 produce more H 2 S from cysteine than wild type (Huang et al. 2016) and yeast vacuoles play a crucial role in formation of H 2 S from cysteine (Winter, Cordente and Curtin 2014) .
POLYSULFIDES IN YEAST
Polysulfides (S x 2− ; x > 2) and protein persulfides such as glutathione persulfide (GSSH) and cysteine persulfide (CysSSH) have lately emerged as potential mediators of sulfide signalling in mammalian cells (Ida et al. 2014; Kimura 2015; Olson and Straub 2016) . To our knowledge, the formation of polysulfides in yeast remains largely uninvestigated; therefore, we have referred to studies using mammalian cells as a means to uncover any potential analogies. Melideo, Jackson and Jorns (2014) proposed that the first step of mammalian H 2 S metabolism is the conversion of H 2 S (with sulfite) to thiosulfate by sulfide:quinone oxidoreductase (SQOR). In the next step, thiosulfate (with glutathione) is converted by the thiosulfate:glutathione sulfurtransferase (TST) into glutathione persulfide (GSSH), which is further converted to sulfite by sulfur dioxygenase (SDO). The sulfite produced is either oxidised to sulfate by sulfite oxidase (SO) or to thiosulfate (with H 2 S) by SQOR (Fig. 2) . Although mammalian TST has not been isolated, its yeast orthologue (Rdl1p) has been identified, being capable of acting like a TST and converting glutathione (with thiosulfate) to GSSH (Melideo, Jackson and Jorns 2014) . Furthermore, cysteine persulfide was detected in yeast Rdl1p after its reaction with thiosulfate (Melideo, Jackson and Jorns 2014) . However, whether yeast has other enzymes (e.g. SQOR, SDO) involved in the other steps of the mammalian H 2 S metabolism pathway is currently unknown. Therefore, the formation of persulfides in yeast through this pathway, for example, during fermentation, remains to be explored. Ida et al. (2014) showed that both mammalian H 2 S-producing enzymes, CBS and CSE, are capable of converting cystine to cysteine polysulfides (e.g. CysSSSH and CysSSSCys)-precursors in the formation of glutathione polysulfides (e.g. GSSSH and GSSSG). It is proposed that the polysulfide species could be the real mediators of signalling with H 2 S being released as part of persulfide degradation (Ida et al. 2014) . Moreover, polysulfide species are much more abundant than H 2 S in mammalian cells. Recently, reduced levels of protein persulfide in yeast cys4 (CBS) and cys3 (CSE) were observed using a novel persulfide detection method, suggesting that yeast CYS4 and CSY3 could also have roles in persulfidation (Dóka et al. 2016) . Kimura et al. 2015; Santiago and Gardner 2015; Huang et al. 2016; Kinzurik et al. 2016; Olson and Straub 2016; Starkenmann et al. 2016; Sundstrom et al. 2016; Kreitman et al. 2017) .
Another mammalian H 2 S-producing enzyme, 3-mercaptopyruvate sulfurtransferase (3MST), is implicated in the generation of pyruvate and protein persulfides from 3-mercaptopyruvate (3MP), which is produced by cysteine aminotransferase from cysteine. H 2 S could be released from protein persulfides, once reducing systems such as glutathione or thioredoxin are available (Shibuya et al. 2009; Mikami et al. 2011) . In addition, Kimura et al. (2015) showed that 3MST could catalyse the formation of H 2 S 3 and H 2 S directly from 3MP in mammalian brain cells. The human TUM1 (or 3MST) protein and yeast Tum1p are orthologues (Mathew, Schlipalius and Ebert 2011) , and deletion of yeast TUM1 has recently been observed to reduce H 2 S production from cysteine during fermentation (Huang et al. 2016) . However, whether yeast Tum1p can act like its human orthologue, 3MST, to produce H 2 S and polysulfides from 3MP, is unknown. Additional indirect evidence for the potential existence of polysulfides in yeast (S. cerevisiae) is the ability of the yeast mitochondrial ATP-binding cassette transporter, Atm1p, to transport glutathione polysulfides (e.g. glutathione trisulfide) in vitro (Schaedler et al. 2014) .
H 2 S AND POLYSULFIDES RESPONSIBLE FOR 'OFF-ODOURS' IN WINE
It has long been suspected that H 2 S produced by yeast during fermentation may lead to the formation of other unpleasant volatile sulfur compounds such as dimethyl tri-and tetrasulfide (reviewed by Waterhouse, Sacks and Jeffery 2016) . Recently, Kinzurik et al. (2016) demonstrated that 34 S-labelled sulfate when fed to a met17 (a high H 2 S producer, unable to synthesise sulfur-containing amino acids) was incorporated into ethanethiol, S-ethyl thioacetate and diethyl disulfide. This work was the first validation of H 2 S (produced during fermentation) contributing to the formation of the 'cooked onion' odour of these volatile sulfur compounds. However, whether yeast enzymes are required for this process remains to be determined. Copper fining is commonly practiced to remove H 2 S responsible for the rotten-egg 'off-odour' in wine. However, growing evidence suggests that copper treatment leads to increased H 2 S formation during bottle storage (Ugliano et al. 2011; Viviers et al. 2013) . One of the proposed mechanisms is that H 2 S reacts with copper to form copper sulfide complexes, which may then release H 2 S under anaerobic storage conditions Ferreira 2014, 2016) . The formation of (Cu(I)-SR)n complexes in wine has also been proposed (Kreitman et al. 2016) . Furthermore, the same group showed that reaction of H 2 S, copper, cysteine or glutathione led to the formation of cysteine or glutathione polysulfides in model wine, which may also contribute to H 2 S production during bottle storage (Kreitman et al. 2017) .
Hydropolysulfides such as H 2 S 2 and H 2 S 3 have also been reported to be associated with the flint and mineral odour in wine (Starkenmann et al. 2016) . However, as these hydropolysulfides are unstable in wine, their effects on the sensory quality of wine are not clear.
METHODS FOR THE DETECTION OF H 2 S AND POLYSULFIDES
Several detection methods for H 2 S and polysulfides have been developed (see review by Takano, Shimamoto and Hanaoka 2016). Fluorescent probes for H 2 S and polysulfides are particularly useful for investigating the biological functions of these highly reactive molecules because the technique is simple, nondestructive and allows real-time monitoring (imaging) of H 2 S and polysulfides inside cells (Takano, Shimamoto and Hanaoka 2016) . The fluorescent probes for monitoring H 2 S (e.g. WSP-1; Peng et al. 2014) and polysulfides (e.g. SSP4; Chen et al. 2013) are now commercially available and have been extensively used to study the roles of H 2 S and polysulfides in mammalian cells (Ida et al. 2014; Monti et al. 2016) . Whilst there are no current reports on the use of these probes in yeast, preliminary data from our group suggest these probes can be used to detect polysulfides within yeast cells (unpublished results). The development of other novel and improved versions of fluorescent probes (Takano, Shimamoto and Hanaoka 2016) will allow polysulfides to be detected much earlier and more accurately, thus enabling yeast researchers to decipher the yeast genes and pathways involved in the formation of polysulfides.
Polysulfides are unstable at the low pH (Kamyshny, Borkenstein and Ferdelman 2009) , and therefore it can be challenging to analyse and quantify these transient species in wine. Detection methods include sensitive but simple HPLC detection of polysulfides (Kamyshny, Borkenstein and Ferdelman 2009 ) to more complex ones such as reversed-phase ultrafast liquid chromatography coupled with quadrupole-time-of-flight mass spectrometry (Kreitman et al. 2017) . Both are worthy of investigation as analytical tools for the determination of polysulfide species in wine.
CONCLUSION AND FUTURE PERSPECTIVES
Over the past years, much has been learnt about how H 2 S is produced by Saccharomyces cerevisiae during wine fermentation but there are still aspects of H 2 S in yeast waiting to be explored. For instance, low H 2 S-producing yeast strains have been selected and bred for the wine industry, and whilst they have similar fermentation kinetics to the wild type (Dahabieh et al. 2015) , it is tempting to speculate (given that H 2 S may play an important role in population signalling) that the reduced ability to produce H 2 S may affect the overall microbial (population) dynamics during fermentation. Further studies assessing whether H 2 S provides a competitive advantage (or disadvantage) to yeast, through investigating the interactions of both low and high H 2 Sproducing strains with lactic acid bacteria, non-Saccharomyces species or Drosophila may be worthwhile. Other gas molecules such as nitric oxide (NO) have also been suggested to play crucial roles in signalling and various stress responses (e.g. oxidative stress) in yeast, and modulation of production of NO could improve fermentation ability of yeast (see review by Astuti, Nasuno and Takagi 2016). There is substantial evidence that NO may interact with H 2 S in mammalian cells (Fago et al. 2012; Olson and Straub 2016) . Therefore, future studies on the synergistic effect of H 2 S and NO in yeast would be valuable for the fermentation industry.
Polysulfide species have recently been proposed as the central players in signalling in mammalian cells (Ida et al. 2014; Kimura 2015; Olson and Straub 2016) and they have been detected in the fungus Aspergillus nidulans (Wróbel et al. 2009 ). However, the roles of polysulfides or even their existence in S. cerevisiae remain largely unknown. Polysulfide production and metabolism has been suggested to be the next frontier in sulfide biology in eukaryotes (Olson and Straub 2016) . Here, we propose that S. cerevisiae could be an excellent model organism. For such research, S. cerevisiae gene deletion collections and the recently developed polysulfide detection techniques will likely lead to the identification of novel genes and pathways involved in the formation of polysulfides, providing a greater understanding of the essential role of polysulfides in a wide variety of biological processes. This knowledge will not only give a more complete picture of yeast sulfur metabolism but also could potentially improve the sensory quality of wine.
Saccharomyces cerevisiae is present everywhere, being found in a wide range of habitats, including wineries, soil, oak trees, insects and human gut and not only the laboratory (Liti 2015) . It has been proposed that investigation of the natural history (ecology) of S. cerevisiae through a population genomics approach is necessary to fully understand the S. cerevisiae metabolism that may have been shaped during evolution (Jouhten et al. 2016 ). A huge difference in H 2 S production has been observed across yeast strains (Spiropoulos et al. 2000) , and Olson and Straub (2016) have suggested that H 2 S is likely to play a pivotal role in evolution. Future studies considering the ecological aspect of H 2 S metabolism might be the key to uncovering the actual role of this exciting molecule. Finally, we would finish this review with a slightly modified version of Dobzhansky' (1973) 
